Porcine haemagglutinating encephalomyelitis virus (PHEV) is the main causative agent of porcine coronavirus-associated disease, which is characterized by encephalomyelitis and involves the central nervous system. Little is known about the molecular mechanisms of brain injury caused by PHEV. To gain insight into the interaction between the virus and host cells, changes in global gene expression in the cerebral cortex of PHEV-or mock-infected mice were investigated using DNA microarray analysis and quantitative real-time PCR. The results of the microarray analysis showed that 365 genes on day 3 post-infection (p.i.) and 781 genes on day 5 p.i. were differentially expressed in response to PHEV infection in the cerebral cortex. The upregulated genes were mainly involved in immune system processes, antigen processing and presentation, the Jak-STAT signalling pathway, the RIG-I-like receptor signalling pathway, Toll-like receptor signalling and apoptosis-related proteases. Significantly downregulated genes were mainly involved in nervous-system development, synaptic transmission, neuron-projection development, the transmission of nerve impulses and negative regulation of glial cell differentiation. The differential expression of these genes suggests a strong antiviral host response, but may also contribute to the pathogenesis of PHEV resulting in encephalomyelitis.
INTRODUCTION
Porcine haemagglutinating encephalomyelitis virus (PHEV) is a single-stranded, non-segmented, positive-stranded RNA coronavirus belonging to the genus Betacoronavirus within the Coronaviridae family. The Coronaviridae family includes mouse hepatitis virus, bovine coronavirus, human coronavirus OC43, Middle East respiratory syndrome human coronavirus (MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS-CoV). PHEV was the first member of the coronavirus family found to invade the central nervous system (CNS) and to cause encephalomyelitis or vomiting and wasting disease in suckling piglets (Li et al., 2013; Masters, 2006) . Results of previous in vivo or in vitro studies using piglets and mice have suggested that PHEV invades the CNS via the peripheral nervous system (i.e. neural spread) and infects nerve cells but not nonneuronal cells. Propagation of PHEV within nerve cells is dependent on microtubules and intermediate filaments in nerve cells, indicating that the virus may be transported between the neuronal cell body and axonal terminals by fast axonal flow (Hara et al., 2009; Hirano et al., 2004) . In addition, the clinical outcome of a viral infection largely dependents on the balance between viral replication and host response. The ability of the virus to evade the host immune response is crucial to the development of the disease . Therefore, it is very important to investigate the innate immune response after viral infection. However, the mechanisms by which the PHEV virus causes neurological disease are not fully understood.
host-gene expression after infection by multiple viruses, such as classical swine fever virus (Gladue et al., 2010) , dengue virus (DENV) (Fink et al., 2007; Warke et al., 2003) , West Nile virus (Diamond et al., 2009; Fredericksen et al., 2004) , influenza virus (Chakrabarti et al., 2010; Kash et al., 2006) , porcine circovirus (Lee et al., 2010) , rabies virus and Japanese encephalitis virus (Gupta et al., 2010; Yang et al., 2011) , which may reveal molecular pathways governing viral pathogenesis. However, so far no report has investigated gene-expression profiles in vivo after PHEV infection.
In the present study, to globally identify candidate host genes associated with PHEV pathogenesis, DNA microarray technology was utilized to determine mRNA profiles in the cerebral cortex of PHEV-infected mice. We demonstrate that PHEV infection significantly changes the expression of numerous genes, and that these changes could be crucial indicators revealing the pathogenesis of PHEV.
RESULTS

Infection of mouse brains with PHEV
To assess the virulence of PHEV in mice, the weight and clinical symptoms of PHEV-infected mice were monitored daily for 7 days. All infected animals showed PHEV-specific symptoms that increased in severity with time. At 1 day post-infection (p.i.), no change in general appearance was observed. Decreased appetite was observed in the PHEV-infected mice at 2 days p.i., and weight loss gradually increased at 3 days p.i. At 5-6 days p.i., the PHEV-infected mice were emaciated and showed generalized muscle tremors, hyperesthesia, movements in the front and hind feet similar to piano-playing and a tendency to sit in a doglike position. Of the PHEV-infected mice, 30 % and 70 % had died by 5 and 6 days p.i., respectively, and all animals had succumbed to PHEV by 7 days p.i. No clinical signs of disease or significant weight loss were observed in the mockinfected mice. The results demonstrated that PHEV is highly pathogenic in mice. Immunohistochemistry detected the PHEV antigen first in the cerebral cortex of PHEV-infected mice at 3 days p.i. At 4-5 days p.i., the mice developed symptoms in the CNS, and antigen-positive neurons had increased in number and were distributed widely throughout the cerebral cortex (Fig. 1) . In addition, a few histological changes were observed in the PHEV-infected mice at 5 days p.i. A neuronal oedema was observed in the pyramidal and polymorphic cell layers, and the peripheral space had become enlarged. Cell bodies were swollen, and the Nissl bodies were partially dissolved. The neuronal nuclei were concentrated and stained heavily. Mild glial cell proliferation was observed in the small pyramidal cell layer (Fig. 2) .
Host transcriptional profiles after PHEV infection
A mouse-specific whole-gene array was used to perform a systematic analysis of the mRNA expression profiles in mouse cerebral cortex tissues from PHEV-and mockinfected mice. Mice were euthanized at 3 and 5 days p.i., when the PHEV antigen was first detected in mouse cerebral cortex and when the typical clinical signs of PHEV intensified in the infected animals, respectively. A cut-off of P,0.05 was used to identify genes significantly modulated by PHEV infection. From two-way hierarchical clustering and volcano plots maps (Figs 3 and 4), we found that the majority of these genes were up or downregulated in the cerebral cortex of infected mice. At 3 days p.i., the expression of 365 genes had changed more than twofold after infection compared with the mock-infected groups upregulated, 204; downregulated, 161) . At 5 days p.i., 781 genes showed more than twofold changes in expression after infection compared with the mock-infected groups (upregulated, 508; downregulated, 273) (Tables 1 and 2 ).
To elucidate the correlation between gene-expression patterns and PHEV infection-induced biological processes, we functionally annotated modulated genes by associating these transcripts with Gene Ontology (GO) terms in the Database for Annotation, Visualization, and Integrated Discovery (DAVID). A cut-off of P¡0.05 was used to enrich the GO terms. The results of the GO analysis indicated that at 3 or 5 days p.i., compared with the mockinfected groups, the upregulated genes in the cerebral cortex of PHEV-infected mice were involved in biological processes related to the immune response, such as immune system processes (124 and 308 genes at 3 and 5 days p.i., respectively), immune responses (88 and 203 genes at 3 and 5 days p.i., respectively), defence responses (82 and 193 genes at 3 and 5 days p.i., respectively), regulation of processes in the immune system (58 and 169 genes at 3 and 5 days p.i., respectively), immune-effector processes (55 and 125 genes at 3 and 5 days p.i., respectively), innateimmunity responses (46 and 103 genes at 3 and 5 days p.i., respectively) and responses to stress (114 and 279 genes at 3 and 5 days p.i., respectively). Downregulated genes were involved in biological processes related to PHEV pathogenesis, such as the transmission of nerve impulses (35 and 68 genes at 3 and 5 days p.i., respectively), nervous-system development (67 and 108 genes at 3 and 5 days p.i., respectively), neuron-projection development (35 genes and 53 genes at 3 and 5 days p.i., respectively), localization (128 genes and 232 genes at 3 and 5 days p.i., respectively), synaptic transmission (63 genes at 5 days p.i.) and negative regulation of glial cell differentiation (7 genes at 5 days p.i.) (Tables S1  and S2 , available in the online Supplementary Material).
Major pathways modulated by PHEV infection in the mouse cerebral cortex
We determined the major gene pathways involved in response to PHEV infection by analysing the differentially regulated genes using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database in DAVID. We found that the main pathways of upregulated genes modulated during infection were those related to the immune response and host defence, such as antigen processing and presentation (14 and 29 genes at 3 and 5 days p.i., respectively), the Toll-like receptor signalling pathway (15 and 33 genes at 3 and 5 days p.i., respectively), cytokine-cytokine receptor interaction (20 and 49 genes at 3 and 5 days p.i., respectively), the chemokine signalling pathway (20 and 39 genes at 3 and 5 days p.i., respectively) and apoptosis (8 and 23 genes at 3 and 5 days p.i., respectively) (Tables S3 and  S4 ). As shown in Tables 1 and 2 , expression of genes for a number of transcription factors, including signal transducer and activator of transcription (STAT) 1, 2 and 3 and IFNregulatory factors (IRF) 1, 5, 7 and 9 were upregulated in the CNS of PHEV-infected mice. IFN-stimulated genes (ISGs) were significantly upregulated in the brains of PHEV-infected mice. These included members of the oligoadenylate synthase gene family, such as osl1, osl2 and osl3. The ISGs upregulated in the CNS of PHEV-infected mice were found to be involved in antigen processing and presentation. These included immunoproteasome-assembly proteins (PSMB8, PMSB9 and PSMB10) and proteins involved in the presentation of antigens on the cell surface via MHC molecules I and II, such as H2-Q8, H2-Q10, H2-T10, H2-D1 and H2-DMB1. We found that other transcripts for IFN-induced antiviral proteins were also significantly upregulated upon PHEV infection. These included ISG15 and myxovirus protein family 1 (Mx1); the complement components C4a, C1qa and C1qc; and the chemokines CCL9, CXCL10 and CCL12. The marked increase in the expression of these genes at 3 and 5 days p.i. suggests a strong antiviral protective response to PHEV infection or PHEV pathogenesis. The significantly downregulated genes were mainly involved in CNS signatures, such as glutamatergic synapse (21 genes at 5 days p.i.), neuroactive ligand-receptor interaction (25 genes at 5 days p.i.), axon guidance (11 and 12 genes at 3 and 5 days p.i., respectively) and dopaminergic synapse (10 genes at 3 days p.i.) (Tables S3 and S4 ). The marked decrease in expression of these genes suggested substantial damage to the nervous system. Future studies may be required to understand how these significantly downregulated genes are correlated with the process by which PHEV replicates and spreads.
Verification of mRNA microarray results by quantitative real-time PCR (qRT-PCR)
We performed qRT-PCR assays for six genes (stat1, IRF7, mx1, PSMB8, cxcl10 and H2-D1) to confirm the accuracy of the gene-expression data obtained from the microarrays; the qRT-PCR primers used are listed in Table 3 ( Yang et al., 2011; Zhao et al., 2011) . Compared with the mock-infected samples, all six genes showed differential expression consistent with that observed in the microarray data at 3 and 5 days p.i., although absolute values were not identical because of intrinsic differences between the two techniques ( Fig. 5 ).
DISCUSSION
The CNS is the ultimate target of infection of PHEV, and the virus damages the cerebral cortex. Therefore, identification of the PHEV-induced host genes in the cerebral cortex of PHEV-infected mice may be helpful for understanding the pathogenesis of this virus. To this end, profiles of mRNA expression in cerebral cortex tissues of PHEV-infected mice were analysed systematically in this study. The complementation of several pro-and anti-inflammatory pathways, together with the variable expression of apoptosis-related genes, is a significant finding of the present study. The involvement of these genes indicated a modulation of the initial host cell response and a balance between cell proliferation and cell death, thereby enabling virus multiplication. A strong IFN-pathway-related response was evident in the cerebral cortex of mice at 3 days p.i. and 5 days p.i., with increased expression of IRF7, IRF8 and IRF9; IFN-inducible transcription factors STAT1, STAT2 and STAT3; and IFN-induced proteins IFIT1, IFIT2 and IFIT3, implying a protective response from the host. The upregulation of ISGs (ISG15 and UBE2L6) involved in the ubiquitin-like process known as protein ISGylation was also observed. The role of protein ISGylation in the antiviral response has recently been demonstrated for influenza B virus (Yuan & Krug, 2001 ), vesicular stomatitis virus (Ritchie et al., 2004) , rabies virus and Sindbis virus (Lenschow et al., 2005) . Therefore, our results showed that, like most viruses, PHEV has developed a strategy to counteract the antiviral effect of the type I IFN response. Despite these mechanisms, IFN and inflammatory responses in the PHEV-infected nervous system are still active while PHEV successfully infects the nervous system.
In our PHEV-infected mouse model, we found that a small amount of the virus could be detected by 3 days p.i. The virus was widely distributed in the cerebral cortex at 5 days p.i., causing cerebral cortex damage, at which point the mice showed typical neurological symptoms such as trembling and shaking. In our mRNA-profiling microarray, we found that compared with the mock-infected mice, the number of genes whose expression significantly changed at 3 days p.i. was less than at 5 days p.i., and the magnitude of the changes at 3 days p.i. was lower than at 5 days p.i. (Tables 1 and 2, Tables S1 and S2 ). For example, only caspase 8 of the caspase family of apoptosis-related genes was upregulated at 3 days p.i. However, caspases 1, 3, 4, 7, 8 and 12 were significantly upregulated at 5 days p.i. (Tables 1 and 2 ). Caspase 3 is an effector that functions as a central regulator of apoptosis. It has been reported that PHEV infection triggers apoptosis in porcine kidney cells, resulting in caspase 3 activation (Lan et al., 2013) . The function of caspase 4 is not fully understood, but it is believed to be an inflammatory caspase with a role in the immune system (Martinon & Tschopp, 2007) . Therefore, our results indicate that inflammatory neuronal apoptosis takes place in the course of PHEV-induced damage to the cerebral cortex.
Chemokines, such as the chemoattractant proteins CCl2, CCl3, CCl4, CCl5, CCl7 and CXCL10, were significantly upregulated in the cerebral cortex in response to PHEV infection at 5 days p.i. Monocyte chemoattractant protein-1 (MCP-1/CCL2) is one of the key chemokines that regulates migration and infiltration of monocytes and macrophages that are involved in neurological disorders. In encephalitisinduced neuronal death, MCP-1 levels are elevated in astrocytes (Sakurai-Yamashita et al., 2006). By enhancing innate immune responses, CXCL10 also plays a crucial role in the host-defence response against various viral infections of the CNS (Hsieh et al., 2006) . Therefore, our results suggest that a strong inflammatory response by the host takes place in the pathogenesis of PHEV.
We observed an upregulation of genes involved in IFNsignalling pathways after PHEV had infected the CNS. The mechanisms involved in antiviral activity remain unknown for most IFN-inducible proteins. These genes include 29,59-oligoadenylate synthase (29,59 OAS) genes, such as oasl, oas2 and oas3 (Tables 1 and 2 ), which confer resistance to virus infection (Kajaste-Rudnitski et al., 2006; Knapp et al., 2003; Warke et al., 2008) . However, the potential role of 29,59 OAS genes in PHEV pathogenesis is unknown. In addition, the upregulation of another antiviral ISG, mx1, was observed in the CNS of PHEV-infected mice. A recent study has shown that mice lacking the mx1 gene (Mx12/2) are susceptible to infection with influenza virus (Tumpey et al., 2007) . Other viruses, such as DENV and rabies virus, also induce the upregulation of myxovirus family proteins (Warke et al., 2003; Zhao et al., 2011) . However, the role of these proteins in PHEV infection has yet to be clarified.
The results of the present study clearly show that many genes and host-response pathways are upregulated in the mouse cerebral cortex during PHEV infection. Future research is required to explore the mechanism of PHEV modulation of these genes to evade the host-defence response. Furthermore, because downregulated genes represented proteins involved in neuronal injury and CNS signature, substantial study will be required to elucidate the importance and involvement of these significantly Virus challenge, immunohistochemistry and histopathological examination. The HEV 67N strain was used for this study. Virus stock was prepared as described previously by Mengeling et al. (1972) . Nine animals were used for each group. The mice were anaesthetized with isoflurane and were intranasally (i.n.) inoculated with 0.1 ml PHEV (the TCID 50 was 10 -4.45 0.1 ml 21 ). Mice mock infected i.n. with 0.1 ml PBS were used as controls. In addition, the infected mice were perfused with PBS and a fixative containing 4 % paraformaldehyde under deep anaesthesia with pentobarbital. Sections of the brain were cut with a freezing microtome, treated with anti-HEV 67N mouse antibody (diluted 1 : 1000) overnight at 4 uC, and were then labelled with fluorescein isothiocyanate-conjugated goat antiserum against mouse IgG at room temperature for 2 h. The sections were (a-f) show fold changes determined with microarray and qRT-PCR methods for H2-D1, stat1, cxcl10, PSMB8, IRF7 and mx1; dpi, days p.i. The error bars shown represent the mean±SD of the data from qRT-PCR experiments that were repeated three times.
Gene-expression patterns in brain during PHEV infection
examined under a confocal laser scanning microscope (Olympus and Nikon). Furthermore, histopathological examination of mouse brain sections was performed to assess the lesions. Brains were used for paraffin-embedded sectioning and haematoxylin and eosin staining procedures (Gao et al., 2011) .
Tissue collection and total RNA isolation. Based on clinical symptoms, cerebral cortex damage was observed in mice infected with PHEV. Mice were anaesthetized with ketamine-xylazine (1.98 and 0.198 mg, respectively, per mouse) and euthanized at 3 and 5 days p.i. Brains were harvested and incubated in RNAlater (Ambion), and the integral cerebral cortex was removed quickly and stored at 280 uC for total RNA extraction.
DNA microarray assays. The microarray experiments were performed by Kang-Chen Bio-technology (Shanghai, China) according to a standard protocol. Briefly, total RNA from mouse cerebral cortex was harvested using TRIzol (Invitrogen) and the RNeasy kit (Qiagen), which included a DNase-digestion step, according to the manufacturer's instructions. After RNA measurement using a Nanodrop ND-1000 and denaturing gel electrophoresis, the RNA samples were amplified and labelled using a NimbleGen One-Colour DNA Labelling kit and hybridized in the NimbleGen Hybridization System. Following hybridization and washing, the microarray slides were scanned with an Axon GenePix 4000B microarray scanner (Molecular Devices). The microarray experiment was independently repeated in triplicate. Differentially expressed genes were identified by fold change and P values obtained from t-tests were used to assess statistical significance.
qRT-PCR. To verify the accuracy of microarray data, the mRNA expression of six differentially expressed genes was quantified by qRT-PCR. Real-time PCRs were carried out in triplicate on a Bio-Rad Chromo4 Real-time PCR Detector (Bio-Rad). The genes tested and their primer sequences are shown in Table 3 (Yang et al., 2011; Zhao et al., 2011) . All mRNA expression values were normalized to GAPDH expression and fold changes in expression were determined with the 2 2DDCt method. Data from qRT-PCR experiments are expressed as the mean±SD of one representative experiment. Similar results were obtained in at least three independent experiments.
